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SUMMARY

Two-dirensional transonic wind tunnel tests were conducted on three
fifteen percent circulation control elliptic airfoils over the range 0.3 <
M, < 0.9. Model configurations included a pure elliptical shape with both
jet flap and tangential upper surface tralling edge blowing, plus tangen-
tial bloﬁng over an elliptical shape with a rounded trailing edge. Perfor-
mance of the rounded trailing edge configuration was the best of the three
at low speeds, but cbove M_ = 0,55, detachment of the Coanda jet caused
rapid performance deterioration. Due to its elongated trailing edge and
associated larger effective radius downstream of the slot, the tangentially
blown pure ellipse was able to extend the jet detachment Mach number to 0.7,
where maximum equivalent lift-to-drag ratios of 22 at C 4 of 0.4l were
achieved. The jet flap proved to be inferior to the tangentially blown
configurations in all respects except in its ability as a thrusting, drag-
reducing body. '

ii




TABLE OF CONTENTS

IN‘TRODUCTION e o 6 o 8 6 o6 o+ 0 0 o o o o6 ¢ ¢ & o o o o o o o
MODELS m TEST APPMTUS. L] L L] L] L] L L L] L] L] [ ] [ ] L] [ ] L] [ ] L]

MODELS .

TEST APPARATUS Am TECImIQUE L] L] L] L] L] L] L] L L] L] L] L] L] L] L
DESIGN AND TEST CONSIDERATIONS ¢ ¢« ¢ o « o o o o o o o o o

DISCUSSION .

ROUNDE TRAILING EDGE ELLIPSE- L] L[] L] [ ] L] L] L] L] Ld . L] [ ] L] L]
PURE ELLIPTICAL TRAILING EDGE. ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o ¢ ¢ &

JET FILAP..

COWMISON L] L] L] L] L] L] L] L] L L] . L] L] L] L] L] L] L] L] L] L] L] L L

CONCLUSIONS.
REFERENCES .

Figure 1 -
Figure 2 -~

Figure 3 -
Figure 4 -

Figure 5 -
Figure 6 -

Figure 7 -

Figure 8 -
Figure 9 -

Figure 10 -
Figure 11 -
Figure 12 -
Figure 13 -

LIST OF FIGURES

Critical Mach Number of Ellipses at a = 0° . . ..

Effect of Rounded Trailing Edge Variation on
Maximum Suction Peaks (Incompressible) . . . . .

Transonic Model Geometries . o« ¢« ¢ o o o o o o o

Transonic Wind Tunnel and Associated Test
Equi]?ment..................-.

Concentric Ring Force Balance Schematic. . . . .

Pressure Ratio Requirement for 0.01 Inch
Slot wei@t. [ ] [ ] [ ] [} L] L] [} [ ] [ ] [ ] [ ] [ ] [ ] [ ] L] [ ] [ ] L]

Jet Velocity Ratio Resulti:g From 0.0l Inch
Slot Height and Variation in Pressure Ratio. . .

Test Reynolds Number Range Based on Model Chord.

Lift Variation with Momentum Coefficient for
RMded Empse. L] L ] [ ) [ ] [ ] [ ] L] [ ] L] L ] [ ] [ ] [ ] [ ] [ ] [ ]

Lift Variation with Mach Number for Rounded
Ellipse.....................

Lift Variation with Jet Velocity for
Rmed mipse. L] L] L] [ ] [} ] [ ] L ] [ ) [ ) [ ] L] L] [ ] [ ] L]

Variation in Lift Augmentation with Jet Velocity
for Rounded E11ips€. « « « « ¢ ¢ o o ¢ o ¢ ¢ o &

Drag Variation with Momentum Coefficient for
Rmmdedmip'eooooooooo-.......

114

"
VWS Naw N E§

GREGB

16

17
18

19
20

2k

25




LIST OF FIGURES (Continued)

Figure 14 - Drag Variation with Mach Number for Rounded Ellipse . .
Figure 15 = Rounded Ellipse Dras Reductiono e o o © 0 o o o 0 0o o &

Figure 16 - Pressure Distribution for Rounded Ellipse at Mnaninal -

0.9. a - -1.20. L ] L] [ ] L] L] L ] L ] [ ] L L] [ ] L] L ] L ] L] L] [ ] L] L] L]
Figure 17 = Rounded Ellipse Dras Polar. . o o o o o o s o o & o o o
Figure 18 - Half Chord Pitching Moment Variation for Rounded Ellipse

Figure 19 - Force-Based Equivalent Lift-to-Drag Ratio for Rounded
Ellipae [ ] L] [ ] L ] L ] L] L] L] L] L] [ ] [ ] L] L] L] L] L] L] L] [ ] [ ] L] L] L]

Figure 20 - Kinetic Energy-Based Equivalent Lift-to-Drag Ratio for
andedgllipucuooo-o-oo.oooooooooo

Figure 21 - Lift Variation with Momentum Coefficient for Pure Ellipse

Figure 22 - Lift Variation with Mach Number for Pure Ellipse. . . . .

Figure 23 - Lift Variation with Jet Velocity for Pure Ellipse . . .

Figure 24 -« Variation in Lift Augmentation with Jet Velocity For Pure

Bllipu [ ] . . L] L L] L] L] o o [ ] e e [ ] L) [ ] L] L [ ] e o o o L]

Figure 25 - Lift Comparison of Rounded and Pure Ellipses. . . . . . .
Figure 26 - Drag Variation with Momentum Coefficient for Pure Ellipse
Figure 27 - Drag Variation with Mach Number for Pure Ellipse. . . . .

Figure 28 - Pressure Distribution for Pure Ellipse at Hnmiul =0.9,

a Ll -l.zo L L] L] L] L] [ ] [ ] [ ] [ ] [ ] [ ] [ ] L] L L L L L L] L] L] L] L]

Figure 29 = Pure EBllipse Drag Reduction . « « o o« ¢ ¢ ¢ ¢ o ¢ - o &
Figure 30 - Pure EBllipse Drag Polar . . . « ¢ « ¢ o ¢ o s ¢ o ¢ o o

Figure 31 - Variation in Pitching Moment with Momentum Coefficient
for Pﬂr. Blli”.. L] L] L L] L] [ ] [ ] L] L] L [ ] L L] L] [ ] [ ] [ L] L]

Figure 32 - Force-Based Equivalent Lift-to-Drag Ratio for Pure Ellipse

Figure 33 - Kinstic-Energy-Based Equivalent Lift-to-Drag Ratio. . .
Figure 34 - Jet Flap Lift Variation with Momentum Cosfficient . . .
Figure 35 = Jet Plap Lift Variation with Mach Number. « ¢« ¢« ¢ « . ©
Figure 36 « Drag Variation with Momentum Cosfficient for Jet Plap .
Figure 37 = Jet Flap Drag Variation with Mach Mumber. « « « « « « &
Figure 38 = Jet Flap Drag Reduction . ¢« ¢ ¢« ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o

iv

Page

29
30

31
32
33

34

35
36
37
38

39
40

£ &

45

46
47
48
49
30
31
52
33




5 LIST OF FIGURES (Concluded)
Page

' Figure 39 - Pressure Distributions For Jet Flap at
' M -009’0-.1120--.-.0..000..-5‘.
nominal

Figure 40 - Half Chord Pitching Moment Variation with Momentum
Coefficient for Jet Flap. . ¢« ¢« « ¢ ¢« ¢ ¢ ¢ s o ¢ o o o 55

Figure“l-JetFllpDﬂgPollr......-........... 56
Figure 42 - Force-Based Equivalent Lift-to-Drag Ratio for Jet Flap 57

Figure 43 - Kinetic-Energy-Based Equivalent Lift-to-Drag Ratio For
Jet rl‘p. L L] L L] L L] L] L[] L] L] [ ] L] [ ] [ ] L] L] L ] [ ] L] L] [ ] . [ ] 58

Figure 44 - Cmnpu:ativo Lift Characteristics of the Three Models. . 59

Figure 45 - Comparison of Maximum Force-Based Equivalent Lift-to-
Drag Ratio for the Three Configurations . . . . . . . . 60

Figure 46 - Comparison of Maximum Kinetic-Energy-Based Equivalent
Lift-to-Drag Ratio for the Three Configurations . . . . 61

Figure 47 - Lift Corresponding to Maximum Aerodynamic Efficiency. . 62

. Figure 48 - Momentum Coefficients for Maximum Aerodynamic ‘
O l‘tic t.nc 1.. e o o [ [ [ ] [ ) [ ] [ ] [ ] L N ) ) [ ] L[] o e L[] ] ) L) L) 63




LIST OF SYMBOLS
slot area, (bh), ft ?
local speed of sound in the jet, ft /sec
nozzle throat area, ft 2

model span, ft
model chord, ft

twvo-dimensional drag coefficient from momentum loss in wake,
corrected for additional mass efflux of the jet
v

force=based equivalent drag coefficient, (:‘l + c” + c" ]
v
J

kinetic-energy-based equivalent drag coefficient,
cV v

T —
Ca* "2, * % T,
two-dimensional 1ift coefficient
pitching moment coefficient about the half chord

pressure cosfficient
critical pressure cosfficient (corresponding to local M of 1.0)
momentum coefficient, W jl(q.c)

slot height at nozzle throat, ft
force-based equivalent 1lift-to~drag ratio

kinsetic-energy based equivalent lift-to-drag ratio

critical Mach mmber
freestream Mach number
jet Mach number

mass efflux, slug/sec
free stream static pressure, 1b/ft °

free stresm total preasure, 1b/ft *

duct (plenum) pressure, 1b/ft *




LIST OF SYMBOLS (Continued)

free stream dynamic pressure, 1b/ge.?

%

r trailing edge radius, ft

Re Reynolds number, based on chord
rt total temperature, °»

'ri static temperature in the jet, °r
Ve free stream velocity, ft /sec

vj jet velocity, ft /sec

x/c dimensionless chordwise station

o geometric angle of attack, degrees
Y ratio of specific heats

e local angle of jet at exit relative to free stresam
8

0 chord line cember, ft

¥ ) vii




INTRODUCTION

Modified elliptic circulation control airfoil sections have been
shown subsonically to be very effective generators of high 1ift coefficients
and aerodynamic efficiencies (References 1 and 2)., Employing camber and
tangential blowing over a rounded trailing edge, these sections have gener-
ated 1ift coefficients greater than 6,0 and efficiencies (equivalent 1lift-
to-drag ratios) above 90 (at Cy ™ 1.0). These airfoils thus appear quite
promising for application to inboard and mid-span blade sections of rotary
wing e’rcraft. However, due to their camber and relatively large thickness-
to-chord ratio (20 to 30 percent or greater), their effectiveness at the
high speed rotor tip would tend to be reduced.

Examination of the rotor tip flow regime indicates that present
high speed helicopter configurations are limited by three main problem
areas: compressibility or Mach mmber effects, retreating blade stall, and
blade structural limitations. These criteria lead to the demand for a tip
section designed to (1) increase the drag divergent Mach mumber, (2) maintain
good transonic 1ift coefficient and equivalent lift-to-drag ratio, and (3)
control the shock location and closely related boundary layer separation.

In addition, the section must still maintain relatively good subsonic charac-
teristics as the retreating blade would be required to operate in the low
speed (or even reverse flow) region. It is this requirement to cyclically
operate in alternately subsonic and transonic regions which leads to the
mechanical and structural complexities of present day rotor systems. It is
felt that these problems may be consideradbly reduced or eliminated by

proper design of a circulation control transonic tip section vhere the
necessary cyclic variations are obtained by programed air ejection over the
trailing edge.

The present tests were intended to investigate the transonic properties
of a series of relatively thin (15 percent) elliptic sections with several
variations in blowing schemes. In particular, it was desired to detarmine
if the impressive subsonic efficiencies of ths tangentially blown ellipse
could be maintained at high subsonic and trensonic speeds, wvhile simultar-
eously satisfying the requirements mentioned above for a high speed tip

section. Previous tests on transonic ciroulation oontrol airfoils (Reference 3)




with Coanda effect tangential blowing over rounded tralling edges have
shown loss of 1ift augmentation and section efficiency above a Mach number
of 0.55 due to detachment of the jet sheet, Therefore, an important aspect
of the present tests was to determine if the Mach number for jet detachment
could be increased by variation in trailing edge curvature,

MODELS AND TEST APPARATUS

The series of three models used in the two-dimensional transonic test
program was constructed in a manner similar to previous subsonic ellipses
tested at NSRDC (see References 1 and 2). However, certain additional steps
were taken to strengthen the models to withstand the higher transonic loads
and to provide a fine surface finish to prevent misrepresentation of boundary
layer separation and shock wave formation.

MODELS

The basic configuration for all three models was an uncambered ellipse
of 15 percent thickness-to-chord ratio chosen from the critical Mach number
("cnt) consideration shown in Figure 1, which is based on a Karmann-Tsien
rule extension of potential flow data. It was expected that the required
rotor tip 1lift coefficient would lie intheregionOsc‘sl.o; thus the
best compromise for increased "cr:lt was the 15 percent ellipse. In contrast,
the thicker 20 percent ellipse would probably not perform as well ir the
higher Mach number range vhere viscous and compressibility effects are strong,
vhile the 10 percent section would fare poorly in the subsonic retreating
blade regime.

In addition to the pure 15 percent ellipse, a trailing edge more
favorable to subsonic circulation control was chosen, i.e., & circular
trailing edge with a radius equal to 4 percent of the chord. As shown in
Figure 2, cttmmmc‘mm subsonically by this rounded trailing

" edge, suction peaks (minimum cp) less than for the pure ellipse were present,

uhﬂethemmtrmttc‘<1.o. These higher peuks at the expected
transonic 1ift cosfficients eould reduces the critical Mach mumber of the
sectinr, This airfoll was included primarily to investigate the high speed
Jet dctachment phencmenon, and as a representative low speed profile for




comparison, A third model employing a jet flap was included for comparison
purposes with the tangentially blown configurations.

Figure 3 depicts the geometries of the three two-dimensional models.
The pure ellipse and the jet flap were urmodified 15 percent thick ellipse
sections sharing a common leading edge with interchangeable trailing edge.
Both had an 8 inch chord. The tangentially blown pure 15 percent ellipse
(hereafter referred to as the "pure ellipse") had an upper surface tangential
slot at 92.4 percent chord from the leeding edge, while the jet flap hed a
lower surface slot aligned 30° to the cnord and at the 98.3 percent station.
The third trailing edge (to be referred to as the rounded ellipse) had a
0.31 inch radius trailing edge in place of the pure elliptic radius (:» = 0.09
inch), thus producing a shorter chord of 7.70 inches, an actual thickness
of 15.6 percent and a slot location at the 96 percent station. All three
models were of 0.25 inch thick fiberglass with a 600 fineness finish.
Structural strength as well as trailing edge attachment were provided by a
rectangular steel spar, which also served as the forward wall of the blowing
plenum chamber in the trailing edge. The slot on the two tangentially blown
sections was formed by a steel blade held in place by a ser':les of jack
screws which were also used to adjust the slot height. In all three config-
urations, the plenum exit was carefully designed so that the slot exit was
the minimum area throat of a smoothly converging nozzle, .

TEST APPARATUS AND TECHNIQUE

The intended two-dimension tests required thaf. a small transonic
tunnel be found with air supply for blowing and some means of blockage
control for the relatively thick high speed models. A survey of avail-
able tunnels (Reference L) yielded the 12 x 16 inch induction tunnel at
the University of Minnesota's Aero Hypersonic Lsboratory (previously
Rosemount Aerunautical Laboratories). This facility had the advantages of
suction on the slotted floor and ceiling to reduce or eliminate blockage,
as well as a high pressure air supply (outlet pressures of 1500 psig).
In addition, a preceding blown airfoil test conducted in that tunnel by
Honeywell Inc., (Reference 3)," made availeble to KSRDC a complete blowing
system hookup compatible with the present models, plus a concentric ring
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strain gage wall balance with minimized effect due to pressure line
connections., The tunnel and wall balance are presented in Figures 4 and
5, obtained from Reference 3., This refer:nce also contains very detailed
information on the facility, test setup, and & transonic tnst technique
similar to that employed in the present test.

The difficulty in evaluating several tares (wall boundary layer,
wall deflection, wall-airfoil interaction and air supply pressure hose
influence) for correction of balance data mede balance drag data almost
meaningless and hed a lesser but still noticeable effect on lift. An
alternative means was thus used as the primary data source for 1ift, drag,
and moment. All three models were pressure tapped at the center span (as
shown in Figure 3) to obtain 1ift and pitching moment by numerical integration
around the airfoil section. Spanwise pressure tap: were employed to confirm
two-dimensionality of the flow. A total head 54 tube rake was installed
approximately 1.5 chord lengths downstream of tke model. Drag was calculated
by integration of momentum loss in the wake using a Lock-Goldstein compres-
sible technique (References 5 and 6), corrected for the additional mass
efflux of the jet as in Reference 2, All pressure data from the model and
rake were recorded on a multiple scamnivalve readout system with output on
tape for computerized data reduction. It should be noted that the integ-
rated drag data already includes the horizontal thrust compenent of the jet
as detected by the wake rake. However, integration of the normal force to
obtain 1ift does not include the vertical component Cp sin 6, This term is
difficult to evaluate since 0 (the jet angle relative to the freestream
direction) is unknown for the curved jet. The largest contribution of this
thrust tem in percei:tage of total 1lift would occur for the case of the jet
flap model.

A nominal slot height of 0.010 inch was employed on each of the three
trailing edges. The range of duct (plenum) total pressures and associated
Jet velocities required to produce desired momentum dlowing coefficients
(c“) based on an isentropic expansion to free stream static pressure is
depicted in Figures 6 and 7. These related figures are for a 0.0l slot height
and 12 inch span (the remainder of the 15 inch model span extending through
the balance side plates and attaching to the external air supply lines).




Ideal jet velocity (Vj) and mass flow rate (m) were calculated based on an

isentropic expansion from duct total pressure to free stream static pressure
(wvhich varied with Mach number since the tunnel stagnation pressure remained
constant at aunoapheric):.

' - v-1 |
P, Y
v, e, [ver] M, 2RT, (7_1) 1 P
Y +1
y (2_\2%0D
Choked nozzle: ™ = A thd -R—,r—t m)
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. 2y PQ \{ - PQ Y
Unchoked nozzle: 't = Ajptd . (Y-I)R'rt 7 f
d d
\
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q -4
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The actual test values varied from the above in that the trailing
edge slot deflected under high plenum pressures and nozzle losses existed.
To account for this, static tests of the model were conducte;l and the ratio
of measured-to-isentropic mass flow was determined as & #unction of the

pressure ratio P /Pt . These ratios were then used to calculate the tdst
d A

values of blowing coefficients.

Plenum air supply was obtained through the high pressure Honeywell
lines which were sealed into adaptors on the model endplates by O-rings.
These prevented leaks while minimizing any resistance the connections would
offer to model pitching moment. Total pressure and temperature in the
plenum were measured by internal pressure gage and thermocouple. Junnel
free stream static pressure (B,) was measured in the tanks adjacent to the
slotted ceiling and floor of the test section, with blockage being reduced
or eliminated at higher Mact numbers by proper adjustment of suction out of
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these tanks, Test section Mach number and dynamic pressure were determined
from the relations

4, =y R K}

vhere free stream total pressure Pt was atmospheric.

DESIGN AND TEST CONSIDERATIONS

It was surmised that generation of high equivalent lift-to-drag
ratios in the transonic regime could be accomplished if an effective means
of drag reduction could be found which did not demand large additional
blowing power penalties., The jet flap has been shown (Reference 7) to shift
the shock wave location rearward and thus favorably effect shock induced
separation and related drag. It also exhibited good thrust recovery.
However, the jet angles for desirable drag characteristics were frequently
different from thote for good 1ift sugmentation. On the other hand, tangen-
tial Dblowing over a rounded trailing edge was superior subsonically to the

“jet flap in 1ift sugrentation and equivalent lift-to-drag ratio, but began
to lose this superiority transonically due to jet detachment. A compromise
between these two configuratione was needed and the design criteria became
one for favorable transonic 1lift augmentation and drag reduction (including
thrust augmentation). It was felt that this could be accomplished with an
elongated treiling edge, i.e., a larger radius after the slot but preceding
e relatively small trailing edge radius. The pure 15 percent ellipse with
slot at 92.4 percent chord met this criteria, even though its shape was
probadbly not the optimm,

Size of the model was chosen from considersation of Reynolds number
effect on scaling. Reference 8 indicates that (1.5 to 2) x 10° was the




minimum Reynolds number to represent transition and shock-boundary layer
interaction phenomenon characteristic of full scale, An 8 inch chord
provided Reynolds numbers above this limit throughout the Mach number range
above 0.35 (see Figure 8). Natural (free) boundary layer transition was
allowed since full scale Reynolds number was expected to be of the same
order of magnitude as the model values. The range of momentum coefficients
used (0 < cll'-‘ 0.08) was based on an upper limit of 45 psig plenum pressure,
above which pressure seals in the model and supply comnection had leaked.
The range of indicated geometric angle of attack was small, 0 a2
(vhich was found to be in actuality -1.2° < & < 0,8°) with practically all
of the runs being made at o = -1.2° (actual). The discrepancy is indicated
and actual geometric @ was due to misaligment of the model relative to the
angle of attack setting reference.

DISCUSSION
r
ROUNDED TRAILING EDGE ELLIPSE

Test were conducted on the 15.6 percent thick rounded trailirg edge
(r/ec = 0.04) configuration at @ = -1,2°, Lift, drag and moment data are
presented in Figures 9 through 20. At Mach numbers of 0.5 and lower, lift
variation with blowing showed the characteristic subsonic trend, i.e.,
continual increase with no apparent drop off at higher values-of C (F:lqures
9 and 10). At higher Mach numbers, (M_ 2 0.6) maximum 1ift coerf:lcient was
reached and soon followed by a decrease in C P with added blowing. The critical
Mach number at which this “.cur stall" began was approximately 0.55, very close
to the same phenomenon found in Reference 3. That related study attributes
the 1lift loss to detachment of the Coanda jet from the rounded trailing edge
and immediate ﬁecrease in circulation.

Figure 11 and 12 depict the variation of 1lift coefficient and 1ift
augnentation ( AC‘/ACu) with jet velocity ratio (V J/v_) and the associated
effect of nozzle choking. Although the lift coefficient continued to increase
beyond the choken (u.1 = 1,0 in the nozzle throat) value of va/v_, the 1ift
augmentation began to drop off rapidly.




Drag showed an even more pronounced variation than 1ift with increase
in blowing and Mach number (Figures 13 and 14). For M_ 2 0.4, an intial
decrease in C(1 with increased blowing was followed by a rapid rise in drag.
Analysis of the assoclated pressure distributions showed reductions in the
trailing edge suction peaks with increase in Mach number in the regime where
this drag rise occurred, thus again indicating jet detachment as the cause
of deterioration of model performance. At M_ = 0.9, eppearance of uprer and
lower surface shocks produced a large wave drag contribution to Cd'
with the jet detachment phenomenon was the progressive loss of drag reduction
with increased Mach number, Figure 15 depicts this trend, where the drag
reduction factor is indicative of an increase (positive 4 C, /4 Cp) or
decrease in drag coefficient relative to the unblown value. In addition,
increased blowing above the critical Mach number showed little or no effect
on the shock location (Figure 16). Associated lift and drag data are pre-
sented in the drag polar (Figure 17), while the effect of trailing edge
suction peaks due to higher Cp on pitching moment at the half chord is shown

. in Figure 18,

Model performance was best indicated by an equivalent lift-to-drag
ratio which included in the drag term a penalty for blowing. This enabled
the blown airfoil to be compared in efficiency to an unblown configuration.
A simplified equivalent drag coefficient (essentially a force-based coeffi-
cient) could be defined as

IhVQ Vo
c 20, +C +=— =20, +C +C =—
de d B Qe d M uVJ

1

where the third term on the right is an intake penalty described in mare
detail in Reference 2, Using this parameter the rounded trailing edge
yielded a maximm s/d',1 of 30 &t M_ = 0.4 and C, = 0,96 (Figure 19). A more
appropriate equivalent Cd was derived for kinetic energy and power required
to produce the necessary blowing:

K.E, = bvd'
44 v 2

P-A—Axt'ﬁ -A -kvd.

Associated



Then the total equivalent drag was

P\
A =da+ 741— + &V
ea » _
or in coefficient form
%ﬁvda wv_ v v,
(o] =C, + + =C, +C +C —
d, a " vogq, ¢ qc 4 pav » VJ

vhere cd wvas the momentum drag coefficient as measured by the wake rake,

The latter parameter (L/d ) is preferred for comparison to other airfoils,
but requires that the jet veloc:lty be known. This parameter reduced the
maximm z/de‘ to 25.9 at M_ = 0.4, with efficiencies of 15 or less in the
Mach number range M_ 2 0,55 (Figure 20).

t

PURE ELLIPTICAL TRAILING EDGE.

The 15 percent thick pure elliptic section with tangential blowing
was tested primarily at « = -1.2° (for comparison to the preceding model)
with several additional runs at o = 0.8°, At low Mach number, the Coanda jet
was not as effective over this smaller trailing edge radius- (r/c = 0,01125),
yielding maximum 1ift coefficients of 0.91 at a = -1.2°% (Figure 21), about
half that of the rounded ellipse (Figure 9). However, at M_ 2 0.7, C, was
twice that obtained by the rounied trailing edge. In addition, the maximum
1ift peaks occurred at progressively greater Mach number with decrease in
CM (Figure 22); whereas for the rounded ellipse, maximum C‘ always occurred
at M_= 0.3 (Figure 10). The limited amount of data at o = 0.8° showed a C
increase at M_ = 0.7 of as much as 36 percent with the 2° angle of attack
change, The effects of slot choking on 1lift and 1ift augmentation were noct
as noticeable as for the rounded ellipse, Figures 23 and 24 indicate that
both C, and AC,/A C, continued to rise beyond the choking value of V./V,,
A maximum 1ift augnentationof%mmm:odnu.-o.?forthepure
ellipse, comparable to a similar maximm for the rounded model which was

4




reached at M_ = 0.3. The pure ellipse's lifting characteristics at
higher M_ thus appeared superior, a. further emphasized by the comparisons
of Figure 25,

Drag characteristics also showed an improvement with the elongated
trailing edge. At Mach numbers less than 0.9, an increase in blowing was
accompanied by a drag reduction (Figures 26, 27) very similar to trends
characteristically exhibited by a jet flap. The drag rise with increased
C“ experienced by the rounded ellipse was eliminated except at M_ = 0.9,
where, before the rise occurred, cd wes favorably reduced with blowing.

This latter observation was due to the rearward movement of the upper surface
shock with an increase in blowing (Figure 28). A rearward shock movement of
20 percent of the chord was possible with a C“ increase of 0.0069; additional

: blowing above that did not relocate the shock. Drag reduction was consider-

ably improved over the rounded ellipse. Figure 29 indicates reduction with

increased c” at all Mach numbers, although at 0.9 an initial large reduction

atverylowc“mupidlyfonowedbyarmrsedtrendwhichpomtedtowards

a net drag increase for Cp above 0,02, Correlated drag and 1lift data are

presented in the drag polar of Figure 30 while Figure 31 presents variation in

half chord moment coefficlent with C . ’

Section performance was again indicated by the two equivalent 1ift-to-

drag ratios (Figures 32, 33). Considering the efficiency bhsed on kinetic
energy, the pure ellipse yielded a maximm (.c/d ) of 22,6 st M_ = 0.7, almost
3.3 times greater than the rounded ellipse at the same speed, and only
slightly less than the rounded edge's maximm at M_ = O.h. The higher speed
superiority of the pure ellipse over the rw.nded version in 1lift, drag, and
efficiency was thus well demcastrated.

JET FLAP

_ © The 30° deflection jet flsp on the 15 percent thick elliptic section
vas tested at a = -1.2°, Generated 1ift coefficients (Figures 34 and 35)
were considerably smaller than either of the tangentially blown models;
WC‘W roughly half that of the pure ellipse and 30 percent of the
rourded ellipse maximms, However, the jet flap did not experience
the "c“ stall" phenomenon of the tangential models, probably because the
Jet was not detachable from the trailing edge. The jet also fixed the rear
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stagnation point, and thus reduced the supercirculation capability of

the airfoil, It was effectively a thrust producer, and its effect on
drag reduction is shown in Figures 36 through 38, where the trends are
similar to the pure ellipse for M_ < 0.8 and cu <0,025. AtM_= 0.9,
drag continued to be reduced by additional blowing, a trend not present
for the tangential models. Pressure distributions at this Mach number
(Figure 39) indicated that there was some movement (about 5 percent chord)
of the upper surface shock with C variation and the lower surface shock
moved rearward approximately 5 pe:cent of the chord also. The lack of
high trailing edge suction peaks led to & large reduction in the negative
pitching moment typically generated by tangential blowing (Figure LO).
Figure 41 depicts the jet-flap 1ift-drag relationship.

In spite of the large drag reduction from the unblown case, the
overall efficiencies of the jet flap were low due to the lack of lift
augmentation (Figures 42, 43). A maximum ‘/de, of about 8 was generated
at M_ = 0.4 (and Cy = 0.26), with lesser values at high Mach numbers, all
of vhich were considerably smaller than for the preceding models.

COMPARISON

Characteristics of the blown sections can best be summarized by
direct comparison of the three models, Maximum lift generated for cus 0,08
(due to model limitations) is shown in Figure 4li, where the subsonic lifting
capability of the rounded ellipse yielded to the better transonic properties
of the pure ellipse above M, = 0.55. The jet flap configuration tesied was
not competitive in either speed regime. Combining Figure L4 with the drag
characteristics, Figure 45 presents the efficiency factor l/de:, vhere again
the rounded trailing edge was superior at M_ < 0.5 and the elongated trailing
edge vas preferred above M_ = 0.5. The data for the jet flap indicated a
weakness of the force-based ‘/d‘: paramecer. The unexpected high efficiency
at M_ = 0.3 was due to the large negative drag produced by & momentum coef-
ficient of similar magnitude (but positive), the sum of the two approaching

zero and inflating the parsmeter. The more meaningful paremeter (L/d.g)
avoided this difficulty dus to the V,/V_ term in the denominator, and thus

the curves of Figure 46 were more indicative of the trend in efficiency.
Again the pure ellipse was the most efficient above M_ = 0.55 (vith its




meximum at M_ = 0.7). Lift coefficients associated with these maximum
efficiencies (Figure 47) remained almost constant for the pure ellipse

up to M, = 0.7, while the rounded configuration reached its maximum at

M_ = 0.4 and dropped off rapidly. Associated blowing coefficients (Figure
48) were on the order of c“ < 0.02 for the pure ellipse above M_ = 0.5

and Cu < 0.03 for the rounded trailing edge below M_ = 0.5, indicating

a relatively low maximum blowing requirement of Cu £ 0.03 throughout

the entire Mach number range.

CONCLUSIONS

Transonic tests conducted over the range 0.3 < M, < 0.9 on a series
of three circulation control ellipse airfoils indicated that high speed
performance was heavily dependent on maintaining supercirculation primarily
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